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Two viral proteins, 1a and 2a, direct replication of brome mosaic bromovirus (BMV) RNAs as well as they participate in BMV
RNA recombination. To study the relationship between replication and recombination, double BMV variants that carried
mutations in 1a and 2a genes were tested. The observed effects revealed that the 1a helicase and 2a N-terminal or core
domains were functionally linked during both processes in vivo. The use of a series of mutant BMV replicase (RdRp)
preparations demonstrated in vitro the participation of the 1a and 2a domains in BMV RNA copying and in template switching
during minus-strand synthesis. The observed effects support previous observations that the characteristics of homologous
and nonhomologous recombination can be modified separately by mutations at different sites on BMV replicase proteins.
© 2001 Academic PressKey Words: brome mosaic virus; RNA replication; RNA recombination; replicase proteins mutants; template switching in
vitro.
(
sINTRODUCTION
Brome mosaic virus (BMV), a tripartite RNA virus, is a
representative member of the alphavirus-like superfamily
of positive-stranded RNA viruses. BMV RNA1 encodes
the replicase protein 1a. The N-terminal domain of 1a
has a methyltransferase and covalent GTP binding ac-
tivities (Kao and Ahlquist, 1992), while its C-terminal
domain shares similarity to DEAD box RNA helicases
(Gorbalenya et al., 1988). Capping-related activities have
been demonstrated biochemically for the conserved pro-
teins encoded by several alphavirus-like viruses (Ahola
et al., 2000; Kong et al., 1999; Merits et al., 1999). Also, the
NA helicase and nucleotide triphosphatase (NTPase)
ctivities were shown for the corresponding proteins in
hree different viruses (Ahola et al., 2000; Gomez et al.,
999; Gros and Wengler, 1996). The nucleotide-binding
ite of BMV 1a has a motif I (GxxGxGKT/S) sequence,
hich is found almost exclusively in ATP and GTP bind-
ng proteins, such as NTPases and helicases (Eisen and
ucchesi, 1998; Koonin, 1993). Besides these activities,
a anchors the RNA replication complex to the cellular
embranes (Chen and Ahlquist, 2000; Restrepo-Hartwig
nd Ahlquist, 1999), and it recruits RNA3 (Sullivan and
hlquist, 1999) or RNA2 (Chen et al., 2001) plus strands
o the replication complex.
RNA2 encodes protein 2a, whose central domain is
imilar to RNA-dependent RNA polymerases (RdRps)1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (815) 753 7855. E-mail: jbujarski@niu.edu.
137Ahola et al., 2000). The RdRp activity has been demon-
trated in vitro for the corresponding protein of bamboo
mosaic potexvirus (Li et al., 1998). The interactions be-
tween 1a and 2a were studied in vivo and in vitro (Kao
and Ahlquist, 1992; Quadt et al., 1995). The use of nested
deletions showed that protein 2a binds to 1a through its
helicase domain, and mutations of the N-terminal do-
main of 2a revealed its function in RNA replication
(Smirnyagina et al., 1996).
An active BMV RNA-dependent RNA polymerase prep-
aration was extracted from the infected barley leaves
(Bujarski et al., 1982; Quadt and Jaspars, 1990). The
enzyme was used to confirm that 1a helicase domain
interacts with the N-terminal domain of 2a (Kao and
Ahlquist, 1992). Also, the enzyme was used to map the
promoter sequences that were responsible for the initi-
ation of minus-strand RNA synthesis (Ahlquist et al.,
1984; Stawicki and Kao, 1999), or of the subgenomic RNA
synthesis (Miller et al., 1985). The distinct nucleotide
positions that were required for the in vitro initiation of
minus-strand synthesis and for the subgenomic RNA
synthesis were identified (Siegel et al., 1997; Stawicki
and Kao, 1999). The requirement for the RdRp/template
interactions to assemble an active replication complex
was confirmed with a BMV RdRp preparation that was
isolated from 1a/2a-expressing yeast cells (Quadt et al.,
1995). Host proteins associated with BMV RdRp were
characterized (Quadt et al., 1993).
Genetic recombination was described in many RNA
virus groups (Bujarski, 1996, 1997; Nagy and Simon,
1997) and the relationship between replication and re-
0042-6822/01 $35.00
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d138 DZIANOTT, RAUFFER-BRUYERE, AND BUJARSKIcombination was studied in viral RNA recombination
systems. BMV supports both homologous and nonho-
mologous recombination events (reviewed in Bujarski,
1996; Bujarski et al., 1994), which are promoted, respec-
tively, by homologous and complementary sequences
(Dzianott and Bujarski, 1991; Nagy and Bujarski, 1993,
1995). A mutation within the helicase domain of 1a (des-
ignated PK19) up-shifted the sites of heteroduplex-medi-
ated (nonhomologous) crossovers (Nagy et al., 1994).
Furthermore, we showed that a 2a core mutant (desig-
nated DR7) inhibited the frequency of heteroduplex-me-
diated recombination (Figlerowicz et al., 1997), while 2a
N-terminus mutants MF2 and MF5 affected the fre-
quency and the distribution of both recombination types
(Figlerowicz et al., 1998). These mutants replicated at wt
levels, demonstrating that recombination could be un-
coupled from replication.
These findings were consistent with a prevailing
model which portraits RNA recombination as a result of
template switching during RNA replication (Lai, 1992;
Nagy and Simon, 1997). Several versions of the template-
switching model were proposed for picornaviruses, no-
daviruses, coronaviruses, carmoviruses, or retroviruses
(Agol et al., 1999; Bujarski, 1996, 1997; Nagy and Simon,
1997). For the latter, mutations in the reverse transcrip-
tase enzyme affected the template-switching events.
To test functional interactions between BMV replicase
proteins during replication and recombination, we have
used combinations of 1a/2a mutants. Their effects on the
levels of RNA replication and on the frequency and/or the
distribution of crossover sites during homologous or
nonhomologous recombination were compared with
those observed for the single (1a or 2a) replicase protein
mutants. This revealed that the helicase and the 2a core
or 2a N-terminal sites cofunctioned during BMV RNA
replication in vivo. For some mutant combinations their
replication activities correlated conversely with the re-
combination frequencies. The in vitro studies using mu-
tant BMV replicase (RdRp) preparations revealed that a
2a-polymerase core mutant (DR7) RdRp displayed an
FIG. 1. The brome mosaic virus recombination system. (A) Molecula
mutants. Open reading frames are boxed and labeled. RNAs 1 and 2
encodes the movement protein (3a) and the coat protein (CP). The locati
above the open boxes. A 20-nt oligo(A) tract is shown as a small ve
39-terminal sequences are marked as black solid boxes in RNA1 a
crosshatched boxes. The position of either homologous or compleme
crosshatched boxes. (B) Comparison of the nucleotide sequence of
homologous recombination vector (see Nagy and Bujarski, 1995, 1997 f
depicted by asterisks. The crossovers occur within region R at both sid
(C) The antiparallel nucleotide sequences of the heteroduplex region f
and Bujarski, 1993 for description of PN8(2) RNA3 recombination vec
region near the bubble structures, at both sides of a C-2929 coordina
sequences comprising the catalytic center (“palm” and “fingers” regions
on comparisons of a variety of known or probable nucleic acid polyme
most conserved BMV regions A to C likely localize to the palm domain, whereas
acid sequence of the putative fingers region in the BMV 2a protein, and theincreased RNA copying activity, whereas those for the
combined 1a/2a mutant RdRps decreased significantly.
However, the template switching activity was not de-
tected for DR7 RdRp, whereas the combined 1a/2a mu-
tant RdRps (or wt RdRp) generated template-switching
products. Mechanistic implications of these results are
discussed.
RESULTS
Infectivity and replication of BMV 1a/2a mutants
The 1a and 2a mutants used in this study are shown in
Fig. 1A and Table 1. In particular, a previously described
temperature-sensitive (ts) mutant PK19 (Kroner et al.,
1990) had a Gly–Ser insertion between amino acids Ser-
670 and Ala-671, adjacent to motif I (putative nucleotide
binding) site in the 1a helicase/NTPase domain. It sup-
ported the wt levels of BMV RNA replication in barley
protoplasts at 24°C, but no RNA synthesis was observed
at 35°C (Kroner et al., 1990). Another newly created
mutant NTP-1 carried the valine-685–alanine replace-
ment within the motif I sequence.
Among 2a variants, one mutant, designated DR7 (Kro-
ner et al., 1989), carried a C-to-U substitution at position
1559 (Leu-486 replaced by Phe) within the conserved
core region. DR7 supported wt levels of RNA replication
in barley protoplasts at 24°C, but it was ts at 34°C
(Kroner et al., 1989). Two other mutants, MF2 and MF5,
escribed in Figlerowicz et al. (1998), carried the replace-
ments of the clusters of acidic amino acids of aspartate
or glutamate by their neutral counterparts, respectively,
of asparagine or glutamate (positions 38 and 41 for MF2,
and 136–138 for MF5) in the N-terminal domain.
The leaves of barley (systemic host) seedlings were
mechanically inoculated using combinations of mutant
and wt BMV RNAs, and the symptoms of viral infection
were observed after an incubation period. Previously, we
have tested the recombination activity of PK19 at subop-
timal temperature of 33°C (Nagy et al., 1994). To compare
the effects of other variants, double-mutant PK19/DR7
nization of the brome mosaic virus genome and the location of 1a/2a
e two replicase polypeptides (1a and 2a, respectively), while RNA3
utations on RNAs1 and 2 used in this work and their names are shown
ectangle within the intercistronic region of RNA3. The wt noncoding
hereas modified 39-noncoding sequences in RNA3 are marked as
serts (shown in B and C) are depicted by a black triangle under the
A2 (top line) to that of region R (bottom line) of the PN-H39 RNA3
ription of PN-H39 RNA3). Marker mutations are in small letters and are
central coordinate nucleotide G-1936 (depicted by a large bold arrow).
between wt RNA1 (bottom line) and PN8(2) RNA3 (top line; see Nagy
e crossovers occur at the upstream (left) portion of the heteroduplex
leotide (depicted by a bold arrow). (D) Alignments of the amino acid
an immunodeficiency virus I, poliovirus, and BMV polymerases (based
Jakob-Molina et al., 1991; Hansen et al., 1997; Poch et al., 1989). Ther orga
encod
on of m
rtical r
nd 2, w
ntary in
wt RN
or desc
es of a
ormed
tor). Th
te nuc
) of hum
rases:the location of region D is not known. Lower line represents the amino
location of DR7 mutation is marked.
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tious. Therefore, all the in vivo experiments of this work,
including infections in barley and Chenopodium quinoa,
were performed at a permissive temperature of 29°C. As
shown in Table 1, the symptoms of DR7 infection
emerged several days earlier and were more severe, as
compared to those of PK19, PK19/DR7, or wt infections.
Apparently, PK19 was capable of reversion of the effect
of DR7. MF2 and MF5 infections, either alone or in com-
bination with PK19, produced the virus at wt levels. How-
ever, infections with NTP-1, either alone or in combina-
tion with MF2 or MF5, produced significantly lower levels
of the virus, and the symptoms were almost not visible.
NTP-1/DR7 infection was less affected, but the symp-
toms were delayed, as compared to DR7 alone (Table 1).
To determine whether the amino acid replacements in
1a or 2a were maintained during infection, the mutated
regions were amplified by RT-PCR from the progeny viral
RNA extracts after 14 days postinoculation, using flank-
ing oligonucleotide primers (not shown). The cDNA prod-
ucts were cloned into the pUC19 vector, and sequencing
of cDNA clones confirmed the stability of all mutants
during infection.
More severe symptoms for DR7 could be caused by
various factors, including the increased levels of replica-
tion. The concentration of viral RNAs in the infected
barley leaves was quantified by dot blot hybridization
T
Characterization of BMV Infections
Mutant
combination
Amino acid changeaRNA1 RNA2
Barley
Appear day
(P.S.I.)b
wt wt 7
wt DR7 Leu486-Phe 4
wt MF2 Glu38-Gln, Asp41-Asn 7
wt MF5
Asp136-Asn, Glu137-Gln,
Asp138-Asn 7
PK19 wt Ser670-Gly-Ser-Ala671 7
PK19 DR7 7
PK19 MF2 7
PK19 MF5 7
NTP-1 wt Val685-Ala 8
NTP-1 DR7 8
NTP-1 MF2 9
NTP-1 MF5 9
a The amino acid changes are shown only in one (either RNA1 or RNA
mino acid changes in both RNAs 1 and 2.
b Days P.S.I., Days postinoculation.
c RNA concentration was determined by dot blot hybridization (see
densitometry, and compared with the intensity of the dots from known(Table 1). As compared to that for the wt virus, a 100%
increase in the amount of BMV RNAs was observedduring DR7 infection, while those for PK19, MF2, or MF5
infections were slightly reduced. During PK19/DR7 infec-
tion the virus accumulated to 180%, while infections with
NTP-1, either alone or in combination with MF2, MF5, or
DR7, produced lower levels of the virus. The latter results
revealed a role of the NTP-1 locus of 1a during BMV RNA
replication in vivo.
To reduce selection pressure of systemic infection, viral
replication was studied in C. quinoa, a local-lesion host.
Leaves were inoculated with 1a/2a mutant combinations,
and the formation of local lesions was monitored. This
revealed that the lesion appearance and the number of
lesions essentially paralleled the results of systemic infec-
tions in barley (Table 1). Total RNA was extracted from 10
local lesions 14 days postinoculation, pooled together, and
dissolved in a volume that was proportional to the com-
bined weight of the local lesion tissue. Equal volumes were
analyzed by Northern blot hybridization, and RNA concen-
trations were compared with that of the wt virus. As shown
in Table 1, last column, DR7 alone or in combination with
PK19 have accumulated more of the viral RNA than the wt
virus had. However, the NTP-1/DR7 infection produced
lower concentrations of BMV RNA. The NTP-1 mutant also
reduced the amount of viral RNA, while used either alone or
in combination with MF2, or MF5. PK19 mutation had little
effect on the accumulation of MF2 or MF5, and PK19 alone
replicated at slightly reduced levels. Together, these data
d with 1a/2a Mutant Combinations
Symptoms on
RNA concentrationc inC. quinoa
Barley
(% wt)
C. quinoa
(% wt)
e
ty
Appear day
(P.S.I.)b
Relative number
of lesions
4 11 100 100
3 111 200 190
4 11 90 n/a
5 11 85 55
4 11 80 60
4 11 180 180
4 11 100 80
4 11 100 90
7 1 60 20
4 11 95 50
7 1 60 40
7 1 50 10
ponent, as indicated in first two columns. Combined mutations contain
ls and Methods). The intensity of the dots were quantified on film by
ts of the purified virion BMV RNA (not shown).ABLE 1
Induce
Relativ
intensi
11
1111
11
11
11
11
11
11
1
111
1
1
2) comrevealed that the combined 1a/2a mutants could influence
virus accumulation differently than the separate mutants.
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To study if domains of 1a and 2a cofunctioned during
RNA recombination, we employed the previously de-
scribed homologous and nonhomologous recombination
vectors. Nonhomologous recombination was studied by
inoculating C. quinoa plants with mutant or wt RNAs1
and 2, and PN8(2) RNA3. The PN8(2) vector is a deriv-
ative of BMV RNA3 that carries a duplication of 39-
oncoding region and a 141-nt-long 39 sequence which
s complementary to the 39-noncoding region of wt BMV
NA1 (Nagy and Bujarski, 1993). These sequences can
orm an imperfect 39 double-stranded region (heterodu-
lex) between PN8(2) RNA3 and wt RNA1 (Fig. 1C) and
upport the crossovers concentrating within the left-side
roximal portion of the heteroduplex. The recombinants
ccumulate with the frequency of 78% (Nagy and Bujar-
ki, 1993). When PK19 RNA1 was coinfected with DR7,
F2, or MF5 RNA2, the frequency of crossovers were 10,
5, and 21%, respectively, vs 100% observed for PK19/wt
nfection (Table 2). Surprisingly, NTP-1/DR7 generated
ecombinants with the frequency of 85%, which was in
ontrast to a previously reported lack of nonhomologous
ecombination activity for DR7 alone (Figlerowicz et al.,
1997). Two other coinfections of NTP-1 RNA1 with mutant
RNA2 (i.e., NTP-1/MF2 and NTP-1/MF5) produced recom-
binants with a low frequency of 5 and 3%, respectively.
MF2 and MF5 alone recombined with 6 and 15% fre-
quency, respectively (Figlerowicz et al., 1998). These re-
ults revealed that the effects of DR7 could be reverted
to a certain degree) by a mutation in the putative NTP-
inding site of the helicase/NTPase domain (see Discus-
ion).
The 1a helicase mutant PK19 RNA1 causes a 16-nt
hift of the mean crossover positions at 33°C (as com-
ared to wt 1a) toward the leftward portion of the double-
tranded region (Nagy et al., 1994). In addition, the effect
f the N-terminal domain of 2a on the distribution of
rossover sites was observed in case of two 2a mutants,
F2 and MF5 (Figlerowicz et al., 1998). To study whether
a and 2a codetermined the distribution of crossover
ites, plants were coinoculated with mutant and wt RNA
ombinations and were incubated at a suboptimal tem-
erature of 29°C (the highest permissible temperature
or PK19/DR7 mutant). The distribution of crossover sites
n the progeny recombinants was measured as related to
he C-2929 coordinate (shown by arrow in Fig. 1C) that
as located 18 nt down to the last mismatch loop in the
eteroduplex structure on PN8(2) RNA3. The C-2929
epresented a median position of crossovers generated
uring infection with unmutated RNAs 1 and 2, and
N8(2) RNA3 (Nagy et al., 1994) and thus served as a
seful measure of the shift in crossovers caused by 2a
utations.
The distribution of crossovers at 29°C (Table 2) were
imilar to those published before at 33°C for PK19 (Nagy
t
bt al., 1994) and 24°C for DR7 (Figlerowicz et al., 1997), or
or MF2 and MF5 (Figlerowicz et al., 1998). As shown in
able 2, DR7 RNA2 reverted the PK19-induced shift of
rossovers back to the wt RNA1 profile (compare the
istributions of 80/20% with 45/55% for PK19/wt and
K19/DR7, respectively). In contrast, MF2 or MF5 did not
evert the PK19-induced shift of crossovers (80/20% and
0/20%, respectively; Table 2). This suggested a func-
TABLE 2
Effects of BMV 1a/2a Mutants on the Characteristics of
Homologous and Nonhomologous Recombination during Infection
RNA3 RNA1/RNA2
Recombination
frequencya (%)
Distribution of
crossoversb (%/%)
Nonhomologous recombination
PN8(2) wt/wt 88 50/50
wt/DR7 0 n/a
PK19/wt 100 75/25
PK19/DR7 10 55/45
PK19/MF2 15 75/25
PK19/MF5 21 85/15
NTP-1/DR7 85 50/50
NTP-1/MF2 5 n/a
NTP-1/MF5 3 n/a
Homologous recombination
PN-H39 wt/wt 89 60/40
wt/DR7 56 86/14
wt/MF2 64 92/08
wt/MF5 86 52/48
PK19/wt 80 n/a
PK19/DR7 70 80/20
PK19/MF2 72 90/10
PK19/MF5 55 45/55
NTP-1/DR7 40 0/100
NTP-1/MF2 0 n/a
NTP-1/MF5 4 n/a
a Recombination frequency was determined as a fraction of the local
esions that accumulate RNA recombinants, either homologous RNA2/
NA3 recombinants or nonhomologous RNA1/RNA3 recombinants
see Nagy and Bujarski, 1993, 1995). The parental or recombinant BMV
NAs were detected by Northern blot and confirmed by RT-PCR (see
aterials and Methods). The frequency of recombination was deter-
ined based on the analysis of 75 lesions per each inoculation exper-
ment. However, for nonhomologous recombination of PK19/DR7, PK19/
F2, and PK19/MF5, the analyses were based on 150 lesions.
b The data show the fractions (percentage) of crosses that occurred
upstream or downstream to a coordinate position, described as fol-
lows. For nonhomologous recombination, the C-2929 residue of
PN8(2) RNA3, that was located 18 nts down to the last mismatch loop
in the heteroduplex (shown by arrow in Fig. 1C), served as the refer-
ence nucleotide. For homologous recombination, the G-1936 marker
mutation served as the reference. G-1936 (marked by arrow in Fig. 1B)
is located in the middle of the 60-nt recombinationally active homolo-
gous sequence of PH-H39 RNA3. The distribution of crossover sites
was measured in 20 cloned recombinants per each inoculation exper-
iment.ional link between the DR7 locus (2a core), but not
etween the N-terminal loci of 2a in MF2 and MF5, and
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142 DZIANOTT, RAUFFER-BRUYERE, AND BUJARSKIPK19 locus (1a helicase) during nonhomologous recom-
bination.
To study homologous recombination, C. quinoa plants
ere coinoculated with mutant RNAs1 and 2, and PN-
35 RNA3. PN-H39 has a 60-nt-long 39-sequence insert
n RNA3 that is homologous to the wt RNA2 39-noncoding
egion (Fig. 1B), and it supports homologous crossovers
etween RNAs 2 and 3 with the frequency of 83% (Nagy
nd Bujarski, 1995, 1997, 1998). As shown in Table 2, the
requency of homologous crossovers for combinations
ith PK19 RNA1 reached the level of 70% for DR7 RNA2,
2% for MF2 RNA2, and 55% for MF5 RNA2. The frequen-
ies for combinations with NTP-1 RNA1 were lower (40%
ith DR7, 0% with MF2, and 4% with MF5). The corre-
ponding figures for DR7, MF2, and MF5 alone were,
espectively, 56, 64, and 86% (see also Figlerowicz et al.,
998). These results demonstrated that NTP-1 mutation
ebilitated the frequency of homologous recombination
possibly due to the restrictions in energy supply; see
iscussion). However, DR7 compensated (partially) the
ffect of NTP-1.
We reported before that DR7 or MF2 alone did not
ffect the distribution of homologous crossovers, as
ompared to wt RNA2 (Figlerowicz et al., 1997, 1998).
uring these infections the majority of crossovers oc-
urred at upstream positions on the homologous se-
uence. In contrast, MF5 alone downshifted the junction
ites (Figlerowicz et al., 1998). The distribution of homol-
gous crossovers was determined by sequencing of 20
ecombinants and was measured vs a median G-1936
arker mutation (depicted by arrow in the region R
equence of PN-H39 RNA3; Fig. 1B). The distribution of
rossovers were 86/14%, 92/8%, and 52/48% for DR7,
F2, and MF5, respectively (Table 2). For the combined
a/2a mutations, neither PK19/DR7, PK19/MF2, nor PK19/
F2 shifted significantly the crossover sites, as com-
ared to DR7, MF2, or MF5 alone (compare with distri-
utions of 80/20%, 90/10%, and 45/55%, respectively).
his revealed that the PK19 locus of the helicase/NTPase
omain in 1a did not link to either DR7 core or MF1 and
F5 N-terminal loci in 2a for this function. However, for
TP-1/DR7 all the crosses occurred within the down-
tream portion of the homologous sequence (0/100% in
able 2), indicating a functional link between motif I of 1a
nd the 2a core loci during homologous recombination.
NA copying and template switching in vitro
To test whether the in vivo effects were reflected at the
iochemical level, we extracted BMV replicase (RdRp)
nzyme from barley seedlings that were infected with
R7, PK19, NTP-1, PK19/DR7, or with NTP-1/DR7 mutants.
o ensure that proteins 1a and 2a retained their initial
utations, the endogenous viral RNA (Bujarski et al.,982) was extracted from the replicase preparations, and
he mutated regions were amplified by RT-PCR. The
P
4DNA products were cloned into the pUC19 vector, and
ive clones (per each RNA construct) were sequenced.
his confirmed that the extracted RdRp variants main-
ained their parental mutations (data not shown).
The concentration of 1a/2a proteins in RdRp prepara-
ions was determined by Western blotting. Two types of
ntibodies were used: a monoclonal antiserum against a
entral domain of 2a (Fig. 2A, left), and a polyclonal
ntiserum against the C-terminal domain of 1a (Fig. 2A,
ight). Both probes revealed similar patterns: the concen-
ration of 1a and 2a were 6 to 10 times higher in DR7
dRp than in other RdRps.
The copying efficiency of DR7, PK19, NTP-1, PK19/DR7,
nd NTP-1/DR7 RdRps were determined to figure out
ow 1a and 2a cofunctioned during RNA replication. To
btain comparable results, the enzymes were diluted to
each an equal concentration of 1a/2a proteins (based
pon the Western blot results). First, the concentration of
ndogenous BMV RNA templates was determined by
orthern blots. This revealed that the adjusted RdRp
reparations contained similar amounts of endogenous
NAs (not shown). Then, we determined the copying
ctivity of endogenous templates. As shown in Fig. 2B,
R7 RdRp was more active in copying of endogenous
MV RNA than other RdRps (lane 6 vs lanes 1, 2, 3, 4, and
). Because the concentration of proteins 1a and 2a in
R7 RdRp were adjusted, we concluded that DR7 RdRp
ad a higher specific activity than other mutant RdRps.
he activity of PK19/DR7 RdRp was slightly reduced as
ompared to that of NTP-1/DR7 or wt RdRps (lanes 1, 2,
nd 3). Apparently, the mutations in the helicase/NTPase
omain of 1a (NTP-1 or PK-19) reverted the activity of DR7
dRp back to the wt level. Interestingly, only a small
eduction in the replication activity was observed for DR7
dRp at 35°C vs 25°C (lanes 8 and 9). Since the DR7
irus was ts at 35oC in vivo (Kroner et al., 1989), it
uggested that the ts phenotype required a native RNA
eplication complex.
Next, a hairpin RNA construct (designated Herp-1
NA) was used as an exogenous template to determine
he template switching activity in vitro. This construct
see Fig. 3A) was 390 nt long and contained a 39 minus-
trand promoter from BMV RNA3 (Ahlquist et al., 1984;
tawicki and Kao, 1999) plus an upstream sequence
apable of forming a 19-bp stable hairpin structure (Bu-
arski, 1998). By testing the ability to “bypass” the sec-
ndary structure element, Herp-1 RNA served as an in
itro model of the crossover reaction. As shown in Fig.
B, similar to copying of endogenous templates (see
bove), DR7 RdRp (lane 3) was more active in copying
he Herp-1 RNA template than were the wt, PK19/DR7, or
TP-1/DR7 RdRps.
Besides the predominant full-length 390-nt product, a
aint band of 340–350 nt was present among the wt,
K19/DR7, and NTP-1/DR7 RNA products (lanes 1, 2, and
). The DR7 RdRp was much more active and a shorter
g gel. T
143RELATIONSHIP BETWEEN BMV REPLICATION AND RECOMBINATIONexposure was required to compare with other reactions
(see lanes 3 and 5). This revealed no presence of the
340- to 350-nt cRNA among the DR7 RdRp products. To
determine the location of crossovers in the putative loop-
ing-out product, the RNA material was extracted from the
340- to 350-nt band, and the RNA was amplified by
RT-PCR, cloned, and sequenced (see Materials and
Methods). A high-fidelity Advantage-HF-2 PCR Kit from
Clontech (Catalog No. K1914-1) was used in these reac-
tions. The primers (marked by letters A and B) are shown
in Fig. 3A, whereas the identified locations of crossovers
are shown in Fig. 3C. This revealed that three clones
derived from the wt reaction had the lower parts of the
right arm of the hairpin joined to the upper portion of the
FIG. 2. Characterization and recombination activity of BMV replicase
blot of mutant RdRp preparations (as indicated on the top). The blots w
(marked MoAb 2a) or a polyclonal antibody against C-terminal domain o
(B) Copying of endogenous BMV RNAs by mutant RdRp preparation
combinations of 1a/2a mutants (indicated on the top), using a protocol d
treatment was omitted. The reactions were run without any additional B
electrophoretically in a 1% agarose-formamide/formaldehyde denaturin
film. The figure shows the obtained autoradiogram.left arm of the hairpin. Similar pattern was observed for
one clone that was derived from PK19/DR7 reaction,whereas in two clones from NTP-1/DR7 reaction the
entire hairpin sequence was removed. This confirmed
that the 340- to 350-nt band represented a truncated RNA
product and demonstrated that the wt, PK19/DR7, or
NTP-1/DR7 enzymes were capable of removing portions
of the hairpin structure. Attempts to amplify (with RT-PCR
and primers A and B) the cDNA products from extracts of
the corresponding band of DR7 reaction were unsuc-
cessful, confirming the absence of the truncated RNA
products. These in vitro data do not correlate well with
the in vivo results, as the amounts of truncated RNAs are
similar for NTP1/DR7, PK19/DR7, and wt RdRps, while
recombination frequency is 85, 10, and 88%. Apparently
other factors also determine the final levels of recombi-
tions extracted from four different 1a/2a mutant infections. (A) Western
obed with either a monoclonal antibody against central domain of 2a
ly Ab 1a). The migration of the protein markers are shown on the right.
enzyme was extracted from barley leaves that were infected with
d under Materials and Methods, except that the micrococcal nuclease
A template; the radioactive RNA products were purified and separated
he material was transferred onto a nylon membrane and exposed onprepara
ere pr
f 1a (Po
s. The
escribe
MV RNnant formation and/or accumulation (see Discussion).
Control experiments involved the amplification of the
1
r
s
o
tions were as in the legend of Fig. 2B. The radioactive reaction prod-
ucts were purified and separated by electrophoresis in 2.5% agarose-
144 DZIANOTT, RAUFFER-BRUYERE, AND BUJARSKIHerp-1 RNA template by RT-PCR with primers A and B
and the Clontech kit. These reactions did not generate
looping-out products (data not shown), demonstrating
that BMV RdRp was responsible for the formation of the
observed template-switching products. Overall, the in
vitro results confirmed our in vivo observations (Figler-
owicz et al., 1997) that a more active (as compared to
other RdRps) DR7 enzyme did not support detectable
levels of the heteroduplex (hairpin)-mediated recombi-
nants.
Two other bands, of 230–250 and 210–220 nt, were
visible in Fig. 3B. Their size indicated that they repre-
sented the premature termination products. Indeed, the
RT-PCR amplification (with primers A and B) of the RNA
material that was extracted from these bands did not
generate any cDNA product (data not shown), suggest-
ing the lack of at least one terminal sequence in the
parental Herp-1 RNA. These RNA products were not
further analyzed.
DISCUSSION
Our understanding of functional relationships among
protein components of RNA virus replicases is just be-
ginning to be elucidated. In BMV, the majority of studies
have focused on the individual proteins. They revealed
specific functions of 1a and 2a during BMV RNA replica-
tion (Chen and Ahlquist, 2000; Chen et al., 2001; Sullivan
and Ahlquist, 1999), or during recombination (Figlerowicz
et al., 1997, 1998; Nagy et al., 1994). However, it was
unclear how 1a and 2a interrelated in their functions.
To address these questions we have studied the ef-
fects of 1a/2a mutants on BMV RNA replication and
recombination. Interesting observations were made with
2a mutant DR7. In vivo, DR7 was more efficient in RNA
replication than the wt virus (Table 1). Crystal structures
imply the polymerase fingers to participate in binding/
positioning of the RNA template (Jager and Pata, 1999;
Severinov, 2000). Based on sequence comparison
shown in Fig. 1D (Jakob-Molina et al., 1991; Hansen et al.,
997; Poch et al., 1989), we speculate that DR7 locus
esides within the polymerase fingers. Thus the mutation
formamide/formaldehyde denaturing gel. The material was transferred
to the nylon membrane and exposed on film. The size of the bands
(shown on the right) was estimated by comparing with the positions of
bands of a 100-nt RNA marker (RNA Century Size Markers from Am-
bion, Catalog No. 7140). (C) Diagram summarizing the locations of
crossover sites identified in copying products that were extracted from
band 340–350 of Fig. 3B. After purification the RNA, material was
amplified (using primers A and B), cloned, and sequenced (see Mate-
rials and Methods). The borders of BMV RNA3 sequences are under-
lined and the coordinates of the hairpin insert junctions are marked by
nucleotide positions (counting from the 59 end of the wt BMV RNA3
sequence). Arrows depict the first and the last nucleotides of theFIG. 3. (A) Schematic representation of the pHerp-1 plasmid con-
truct that was used to synthesize the Herp-1 RNA template. The RNA
f the plus or the minus polarities can be generated by in vitro tran-
scription from T7 or SP6 promoters, respectively. Numbers show the
length (in nucleotides) of the individual portions, while primers A and B
(see text) are indicated by arrows. (B) Analysis of the copying products
of Herp-1 RNA with mutant (as indicated on the top) or wt BMV RdRps.
The reactions utilized the micrococcal nuclease-treated RdRps and 3
mg of the transcribed plus-strand Herp-1 RNA template. Other condi-deleted region, and the names of the parental mutants are indicated
near each arrow.
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145RELATIONSHIP BETWEEN BMV REPLICATION AND RECOMBINATIONmay enhance the RNA binding/positioning, which makes
the template copying more effective or of higher fidelity
(Kaushik et al., 1991). One indication of an increased RNA
emplate affinity could be the observed shift of nonho-
ologous recombination sites in PK19, NTP-1/DR7, or
K19/DR7 infections (Figlerowicz et al., 1997; Table 2).
Besides binding, other possible mechanisms include
changes in the interactions between viral proteins and/or
with host factors (Arthur et al., 2000; Diamond and
Kirkegaard, 1994; Quadt et al., 1993). This may increase
the efficiency of the catalytic center of RNA polymerase,
the energy (ATP), or the NTP substrate usage, or even the
interactions with the RNA replication promoters.
We also tested the effects on RNA replication of two 1a
helicase mutants, PK19 and NTP-1, and two 2a N-termi-
nal mutants, MF2 and MF5. PK19 reduced the replication
of DR7 in vivo to a lesser extent than NTP-1; the latter
lso significantly decreased the replication of MF2 or
F5 (Table 1). This reveals different degrees of func-
ional interrelationships between these domains. The in
itro interactions between 2a N-terminal and 1a helicase
egions were described by Kao and Ahlquist (1992) and
n yeast by Chen and Ahlquist (2000), and here we map
he interrelated 1a/2a loci during infection. We speculate
hat NTP-1 mutation changes the energy usage, which
ffects RNA recruitment to replication, the synthesis of
he RNA chain, or other functions (De et al., 1996). An-
ther mutant in motif I (carrying a 691-lysine-to-alanine
eplacement) was not active in RNA replication, and it
bolished the recruitment of RNA3 to the replication
omplex (Ahola et al., 2000). Mutations in the related
Semliki Forest virus protein nsP2 affected both the
NTPase and the helicase activities (Gomez et al., 1999).
The in vitro studies helped to clarify the above spec-
ulations. The endogenous RNA is believed to form an
integral component of the replicase complex (Buck, 1996;
Miller and Hall, 1983), and thus the endogenous copying
activity reflects RNA elongation, rather than initiation or
termination. DR7 RdRp was more efficient in these reac-
tions than other mutant RdRps (Fig. 3B), suggesting an
increased rate of RNA synthesis. A reduction in endog-
enous RNA copying with NTP-1/DR7 RdRp confirms a
functional link between the two loci. However, since the
reduced level was similar to that of NTP-1 or of wt RdRps,
the link might not be due to limitations in the energy
usage but because of other, yet to be determined, factors.
Our data reveal the lack of correlation between the
levels of RNA accumulation in vivo or the levels of trun-
cated RNA accumulation in vitro and recombination fre-
quency (Tables 1 and 2, and Fig. 3B). Thus the limiting
steps that control the accumulation of recombinants
likely depend on biochemical or structural properties of
RNA or protein components rather than on the concen-
tration of the RNA substrates. As far as nonhomologous
recombination is concerned, DR7 was reported not to
support heteroduplex-mediated recombination withPN8(2) RNA3 (Figlerowicz et al., 1997). Here, we observe
in vitro the lack of truncated products during copying of
Herp-1 RNA (see Fig. 3B). There is virtually no homology
between PN8(2) RNA3 and the Herp-1 RNA sequences,
suggesting a more general mechanism. One may spec-
ulate that an increased RNA affinity decreases the
switching activity at strong secondary structures or that
it changes the RdRp pausing at strong hairpins (Lyakhov
et al., 1998; von Hippel, 1998). Changes in template
binding were observed for mutants of T7 RNA polymer-
ase (Brieba and Sousa, 2000; Huang et al., 2000) or
Escherichia coli RNA polymerase (Arthur et al., 2000;
Uptain and Chamberlain, 1997). However, DR7 was ac-
tive in recombination, both in vivo and in vitro, when used
with 1a mutants, and DR7 with wt 1a generated homol-
ogous recombinants in vivo (Tables 1 and 2). This advo-
cates against increased RNA binding. Alternatively, DR7
cannot rebind to the RNA at strong secondary structures
after it falls off, while the other mutants can.
Both PK19 and especially NTP-1 together with MF2 or
MF5 reduced drastically the nonhomologous recombina-
tion frequency confirming the importance of these loci
(Table 2). At this point, however, the mechanism of these
effects is unclear (see also next paragraph).
As compared to nonhomologous recombination, 1a/2a
mutants affected homologous recombination in a differ-
ent fashion. Similar to nonhomologous recombination,
the NTP-1 series (NTP-1/DR7, NTP-1/MF2, or NTP-1/MF5)
generated homologous recombinants at low frequency.
We speculate that NTP-1 changes the properties of the
energy-dependent helicase. During nonhomologous re-
combination the helicase may unwind the template
strands near the heteroduplex region (Nagy et al., 1994;
Figlerowicz, 2000). During homologous recombination
the helicase may unwind the template-nascent strand
duplex which may facilitate the formation of essential
secondary structures (Nagy and Bujarski, 1997, 1998;
Nagy et al., 1994, 1999; Nagy and Simon, 1997).
However, in contrast to nonhomologous recombina-
tion, the frequency of homologous recombination was
reduced to a lesser extent by the PK19 series (PK19/DR7,
PK19/MF2, or PK19/MF5). This confirms the different con-
tribution of the helicase domain (and likely the helicase
activity) to both recombination types.
Recombination could occur between negative or pos-
itive RNA strands, and previously we suggested the latter
possibility (Nagy and Bujarski, 1993). The observed cor-
relation between the in vivo data on nonhomologous
recombination and the in vitro truncated products of
mutant RdRp reactions also suggests the minus-strand
step. This is because BMV RdRp preparations are capa-
ble of copying genomic RNA plus strands into minus
strands but they do not support the full RNA replication
cycle (Miller et al., 1985; Quadt and Jaspars, 1990). How-
ever, our data do not preclude the crossovers between
positive strands. Also, whether homologous crossovers
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146 DZIANOTT, RAUFFER-BRUYERE, AND BUJARSKIhappen between positive or negative strands requires
further biochemical evidence.
In summary, this study reveals that the helicase loci of
1a cofunction with the core or N-terminal loci of 2a
during BMV RNA recombination. Different sites on 1a
and 2a can affect in a different way the characteristics of
homologous or nonhomologous recombination, demon-
strating the differences in the mechanism between two
recombination types. Further biochemical experiments
are required to provide more insight into the enzymology
of RNA recombination and their relationship to RNA rep-
lication.
MATERIALS AND METHODS
Plasmids pB1TP3, pB2TP5, and pB3TP7 (Janda et al.,
1987) were used to synthesize in vitro the wild-type
transcripts of BMV RNA components 1, 2, and 3, respec-
tively. Plasmid pB1PK19 (a generous gift of P. Ahlquist;
Kroner et al., 1990) was used to synthesize BMV RNA1
ranscripts bearing the PK19 mutation. To generate the
TP-1 RNA1 mutant, a 228-bp fragment of pB1TP3 was
mplified by PCR with the following oligonucleotide prim-
rs: primer 154 (59GATATTTCCATGGTTGATGG-AGCG-
CGGGATGCGGTAAACCACTG-CCATAAAAG 39) and
primer 153 (59 CAACAAGCAGCCTATGACAGGACGG 39).
his replaced the nucleotides TT with CG (bold in primer
54) at positions 2131 and 2132 in the wt RNA1 se-
uence, causing the valine 685 to be replaced by alanine
n the 1a open reading frame. The PCR product was
igested with Eco52I and NcoI restriction enzymes and
hen ligated between these sites in pB1TP3. The pres-
nce of the mutated nucleotides was confirmed by se-
uencing. Plasmids pB2DR7 (a generous gift of P. Ahl-
uist; see Kroner et al., 1989), pB2MF2, and pB2MF5
Figlerowicz et al., 1998) were used to synthesize BMV
RNA2 transcripts bearing DR7, MF2, and MF5 mutations
of 2a, respectively.
To generate the pHerp-1 plasmid, a 48-bp-long hair-
pin-containing fragment was cut out from the pB3TP7-1-
1CP plasmid (described in Flasinski et al., 1995) by
SpeI/PstI digestion, followed by ligation into the pB3TP7-
SP3 plasmid between SpeI/PstI sites. The resulting con-
struct was digested with EcoRI/SpeI enzymes, and the
DNA fragment was ligated into a pBS-65 cloning vector
(Stratagene) between the EcoRI/PstI sites. The plus or
minus RNA copies were synthesized by in vitro transcrip-
tion of the resulting plasmid from the flanking SP6 and T7
promoters, after linearization with EcoRI or HindIII re-
striction enzymes, respectively.
In vitro transcription and whole-plant infections
Full-length, capped RNA transcripts were synthesized
from linearized plasmids, according to previously pub-
lished procedures (Janda et al., 1987). Barley or C. quinoa
leaves were inoculated with a mixture of transcribedBMV RNAs, as described by Nagy and Bujarski (1993). In
each experiment, six separate leaves were inoculated
and each inoculation experiment was repeated two or
three times. In barley, the inoculations were repeated
three times on the same leaves in daily intervals, to
increase the number of infected seedlings. The inocu-
lated plants were maintained in a growth chamber (at
29°C and a 16-h photoperiod) for 2 weeks. The temper-
ature of 29°C represents a suboptimal temperature for
two temperature-sensitive mutants, i.e., DR7 and PK19.
RNA analysis
Whole-virion BMV preparations were extracted from
infected leaves according to a previously published pro-
tocol (Bujarski, 1998). Total RNA was extracted from the
plant tissue by using phenol–chloroform and a 1% SDS,
50 mM glycine, 50 mM NaCl, and 10 mM EDTA, pH 9.0
buffer (Bujarski, 1998). To determine the concentrations
of BMV RNAs, Northern blot analysis was used. The RNA
was extracted from an equal weight of the infected leaf
tissue and equal volumes were run on a denaturing
formaldehyde/formamide agarose gel. The RNA material
was blotted onto a nylon membrane, and the membranes
were probed with a radioactive transcript that was com-
plementary to a common 39 region of BMV RNAs (Kroner
et al., 1989).
To confirm the presence of the desired mutations in
the RNA transcripts, the corresponding fragments of in-
terest were amplified in reverse transcription-polymer-
ase chain reactions (RT-PCR), exactly as described in
Nagy and Bujarski (1993), using flanking oligonucleotide
primers. The resulting cDNA products were digested
with EcoRI-XbaI restriction enzymes and ligated between
the corresponding sites of the polylinker in a
pGEM3zf(2) cloning vector (Promega), and the resulting
clones were sequenced. In some cases, the RT-PCR
cDNA products were sequenced directly without cloning.
SDS–PAGE and immunoblot analysis
SDS–polyacrylamide gel electrophoresis of RdRp
preparations was accomplished in 10% polyacrylamide
gels. The proteins in the immunoblot analysis were de-
tected by chemiluminescence after transferring onto the
Nytran membrane. Monoclonal anti-2a and polyclonal
anti-1a antibodies (sera 1672 and O5 H05 B02, respec-
tively; a generous gift of P. Ahlquist) were used, as
described in Restrepo-Hartwig and Ahlquist (1996).
These antibodies were detected with goat anti-rabbit IgG
antibody conjugated to the horseradish peroxidase
(Amersham Pharmacia Biotech Inc., Piscataway, NJ).
Extraction of BMV RdRp and the analysis of cRNA
productsBMV RdRp preparations were extracted from infected
barley (Hordeum vulgare L. cv Morex) according to a
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147RELATIONSHIP BETWEEN BMV REPLICATION AND RECOMBINATIONmodified protocol of Quadt and Jaspars (1990) and Kao
and Sun (1996), as follows. One hundred grams of BMV-
infected leaves (secondary leaves with mosaic symp-
toms harvested 6 days postinoculation of 5-day-old bar-
ley seedlings with a 1 mg/ml BMV virion preparation in
an inoculation buffer; see Bujarski, 1998) was homoge-
nized in a precooled mortar and pestle with 10 crushed-
glass Pasteur pipettes in 100 ml of a homogenization
buffer (50 mM Tris–HCl pH 7.4, 15 mM MgCl2, 10 mM KCl,
mM EDTA, 15% glycerol). One hundred twenty milliliters
f this buffer contained 12 ml b-mercaptoethanol, 120 ml
10 mM Aprotinin, 120 ml 1 mM Leupeptin, and 120 ml 1
mM Pepstatin. The resulting slurry was centrifuged at
3000 g, 10 min at 4°C, and the supernatant was centri-
fuged at 30,000 g, 30 min. The pellet containing the
RdRp-bound membranes was frozen overnight at 280°C,
slowly thawed on ice, and resuspended in 5 ml washing
buffer (80 mM Tris–HCl pH 8.0, 17 mM MgCl2, 30%
glycerol, 750 mM KCl; 6 ml of this buffer contained 6 ml
1 mM Leupeptin, 6 ml 1 mM Pepstastin, 6 ml 10 mM
Aprotinin, and 120 ml 0.5 M DTT). The pellet was solubi-
lized in a Potter–Elvehjem homogenizer to break down
large aggregates; the membranes were collected at
100,000 g, 30 min, and resuspended in 5 ml solubilization
buffer (washing buffer plus 0.75% Triton X-100 from
Boehringer Mannheim plus 5 ml 1 mM Leupeptin, 5 ml 10
M Aprotinin, 5 ml 1 mM Pepstatin, and 100 ml 0.5 M
TT) in the Potter–Elvehjem homogenizer. After shaking
or 1 h on ice at 30 rpm, the solution was spun at 100,000
, 1 h, 14°C, and frozen in 1.5-ml aliquots for gel filtra-
ion. Each aliquot was diluted with 1.5 ml of a column
uffer (50 mM Tris–HCl pH 8.2, 10 mM MgCl2, 50 mM KCl,
5% glycerol, 0.75% Triton X-100; 1 L of this buffer also
ontained 4 ml 0.5 M DTT and 1.5 ml 1 mM PMSF) and
oaded with a 3-ml loop on top of a preequilibrated
overnight with the column buffer at 0.5 ml/min) HILoad
uperdex 200 16/16 column (Pharmacia). Three-milliliter
ractions were collected overnight, and fraction numbers
5, 16, and 17 (expected to contain the most active RdRp)
ere further aliquoted into 50-ml aliquots and frozen
immediately at 280°C.
The RdRp preparations were treated with micrococcal
uclease exactly as described in Miller and Hall (1983).
o determine the RNA copying activity, the following
eaction was established. A total volume of 25 ml con-
tained 15 ml RdRp, 50 mM Tris–HCl pH 8.0, 10 mM MgCl2,
8 mM DTT, 0.6% Triton X-100, 8 U RNasin (Promega), 0.1
mM GGU (as primer; Kao and Sun, 1996), 0.3 mg of the in
vitro transcribed RNA and 0.4 mCi [a-32P]CTP, 0.01 mM
TP, and 1 mM GTP, ATP, and UTP (Pharmacia). The
ranscribed template RNA was purified on Qiaquick (Qia-
en) columns prior to the reaction and dissolved in water
o a concentration of 1 mg/ml. The RNA products were
analyzed by gel electrophoresis and Northern blotting.To determine the sequence of the in vitro cRNA copy-
ing products of Herp-1 RNA, the RdRp reactions (in atotal volume of 100 ml) were extracted with phenol/chlo-
roform, followed by ethanol precipitation, and the radio-
active products were separated by electrophoresis in a
2.5% agarose-formamide/formaldehyde denaturing gel.
The individual bands were cut out, and the RNA material
was extracted. After ethanol precipitation the RNA was
amplified by RT-PCR using the following primers: A:
59GCTGCAGGATCTATGTCCTAATTCAGCG39, and B:
59GGCATGCCGCGCGAGTCATCTTACCAG39 (the PstI
and SphI restriction sites are underlined). The resulting
cDNA material was cloned between SphI and PstI sites
of the pUC19 vector, and the individual clones were
sequenced.
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